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Unambiguous Proof for Berry’s Phase in the Sodium Trimer:
Analysis of the Transition A2E" — X?E’
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Preciseab initio calculations of the rovibrational structures of théE” and X2E’ electronic states
of Na; prompt a new vibrational assignment of tHhe— X transition and provide the basis for the
rotational analysis of the vibrational bardv, = 1,v, = 0,v, = 0) — X(0,0,0) by means of high-
resolution optical-optical double resonance. The calculations, which use the single-surface adiabatic
approach, reproduce our experimental data only if, as required by theory, a geometric phasedsfr
pseudorotation around the equilateral configuration is imposed. We consider this the first verification
of Berry’s phase in high-resolution molecular spectroscopy. [S0031-9007(98)07707-2]

PACS numbers: 31.15.Ar, 33.15.Hp, 33.20.Kf, 33.40.+f

The sodium trimer represents a textbook example of thavith a pseudorotation that is integer quantized; i.e., the
Jahn-Teller (JT) theorem according to which, in nonlineageometric phase is 0.
conformations, electronic degeneracy by symmetry is un- If pseudorotation is hindered by significant barriers,
stable towards the symmetry-reducing modes of vibratioras is the case in th& and A states of Na E and
[1]. In Nas, the degeneracies which occur in some of theA vibronic levels appear in weakly split pairs. Since
electronic states at equilateral geometries take on the shatiee energetic order within these pairs is reversed if the
of conical intersections of two adiabatic potential energygeometric phase is changed frermo 0 [10], the different
surfaces (PES). rotational fingerprints of th€ andA vibronic partners give

If the JT stabilization is strong compared to theconclusive evidence of the actual value of Berry’s phase.
vibrational energy, the internal motion of the molecule The present paper treats the— X transition of Na.
will be confined to the lower sheet of the potential, Both states involved have conical potential intersections
and a single-surface adiabatic treatment should be fully
adequate. Furthermore, an unusual kind of vibrational
motion will arise which encircles the point of degeneracy | y/a,
(Fig. 1). Since theory predicts a sign change of the
electronic wave function under a full cycle of this so- 2+
called pseudorotation around the conical intersection [2],
the nuclear wave function must also change sign. Thisg |
represents a molecular version of Berry's geometric phast—
[3], which here takes the value. A short survey of
earlier investigations of geometric phases in molecules & -
can be found in a recent paper on the vibronic structure
of the Na X state [4]. For reviews on Berry's phase ina <
more general context see, e.g., Refs. [5] and [6]. i

In the Na molecule, the consequences of the geometric,
phase would show most obviously for a free pseudorota-< T
tional (PsR) motion, namely, as a half-integer quantiza-
tion of the vibrational angular momentum with levels
of A;/A, and E vibronic symmetry alternating according
to 2j/3 being integer or not. Such a free case is approxi- .,
mately realized in theB state of Na. Indeed the first, =7
low-resolution spectra of this state were interpreted as . . . . xlag
evidence for half-integer values f7]. However, as sub- ' ' >
sequently established both by calculations [8] and by mea -L5 -1.0 05 00 05 10 15

surements with rotational resolution [9], the NB state  FIG. 1. Cut through the lower adiabatic PES of the electronic
exhibits only a pseudo-JT distorted nondegenerate surfacestate of Na for E mode atomic displacements.
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at equilateral geometries. The progression of the with sodium vapor at a temperature €060 K expands
vibrational levels to which th& (0, 0, 0) state populated in adiabatically into vacuum through a nozzle of gén di-
our experiment can be excited (Fig. 2) is accompanied bgpmeter and 40Q.m length. In this process, along with
significant changes in the degree to which pseudorotatiomono- and dimers and very small fractions of higher clus-
is hindered by potential barriers: In the nearly rigid ters, sodium trimers are formed. After passing a skimmer
vibrational ground state, which is localized in the potentialof 1 mm diameter at a distance of 10 mm from the nozzle,
wells at obtuse’,, configurations, the coupling between they propagate through the detection chamber as a cold
the three equivalent minima only shows up as a PsRupersonic molecular beam at a velocitylok 10° m/s.
tunneling splitting (into ant /A doublet) that is as small At three interaction zones, the molecular beam is crossed
as1072 cm™!. With increasing vibrational excitation, an perpendicularly by continuous laser beams. We use two
intermediate regime follows where the vibrational levelsindependent single-mode dye lasers (“pump” and “probe™)
exhibit splittings on the order of the rotational energywith a power of=100 mW each and one 8 W single-line
scale. Finally, rather delocalized vibrational states aré514.5 nm) Ar “ionization” laser, which are arranged as
reached in which the rotational levels of th¢A vibronic  follows: A fraction of=5% of the pump laser beam is uti-
components are clearly separated. lized for monitoring laser-induced fluorescence (LIF) at a
Independent experiments in Hanover [11] and in ourdistanced; = 120 mm from the nozzle; the rest intersects
laboratory [12] showed in fact that the rotational struc-the molecular beam ab = 280 mm. Atd; = 380 mm,
tures of theX andA vibrationalgroundstates can be suc- the superimposed beams of the probe and ionization lasers
cessfully assigned in terms of a rigid asymmetric rotor.are focused by a cylindrical lens to form a light sheet
This description, however, breaks down even for the low-of =30 um thickness which the molecular beam crosses
est excited vibrational state, as further measurements byin the extraction region of an ion multiplier. This zone
our group soon revealed. is used for resonant two-photon ionization (RTPI).
Because of the large amplitude of the vibrational mo- Since the narrowly spaced rovibronic transitions of
tion on the strongly anharmonic potentials, an assignmemias show a hyperfine substructure with a width of about
of the experimental spectra requires some guiding thed2 GHz, there is usually considerable overlap, so that even
retical predictions. We have therefore performed calcuat a resolution of better than 50 MHz the LIF or RTPI ex-
lations of rovibrational energy levels on neab initio  citation spectra are so complicated as to presently defy di-
potential energy surfaces for the two staleandA. On  rectinterpretation. A solution is offered by optical-optical
this basis we have been able to rovibronically assign allouble resonance (OODR), a labeling technique which we
observed bands up to 170 cfabove thed — X origin  implement as follows: The pump laser is fixed to a promi-
and thus to verify by experiment that a proper adiabaticent peak of the LIF spectrum and is modulated by a chop-
treatment must indeed include a geometric phase.of per with frequencyf. The population of both the initial
In this paper we focus on the strongest of theand the final levels of the pump transition will be modu-
higher vibrational bands; i.e., the fundamental transitiodated accordingly, although with opposite signs. This
A(1,0,0) < X(0,0,0) in the breathing mode. Its tunneling modulation provides the label. If the RTPI signal taken
splitting of 1.6 cn! exceeds the rotational energy spac-downstream from the pump zone is filtered by a lock-in
ings for smaller values of the angular momentum quantunamplifier tuned tof, the only transitions observed will be
numberN, and it is also much larger than the uncertaintiegshose which either start from the same level as the pump
of our calculated energy levels. This band is theretransition (“primary resonances”) or start from levels popu-
fore well suited for exploring the effects of Berry's phase.lated on the way from pump to probe by backfluorescence
Experiment—Our setup has been described in detailfrom the upper pump level (“secondary resonances”). Pri-
elsewhere [12]. In short, argon gaspat= 6 bar seeded mary and secondary resonances will differ in sign. For
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our measurement, we put the pump on a fixed line ifdated vibrational energiescoincide to within a couple of
the A(0,0,0) — X(0,0,0) band and scanned the probe cm™' with the observed band origins. This agreement is
through theA(1,0,0) — X(0,0,0) band. It is difficult to  considerably better than that obtained only recently for the
find a pump line that is “clean” in the sense that it rep-X state [4]. Inspection of the wave functions reveals that
resents one (or several) hyperfine/pseudorotational conthe separation of the motion in the three equivalent wells
ponent(s) of onlya singlerigid-rotor rotational transition. is sufficient for an assignment in terms @£, vibrational
Even such a clean pump line must be anticipated to siguantum numbers. For the correct phasé& components
multaneously deplete both pseudorotational sublevels tare lower forv; even, but higher for; odd. We note that
some degree, since we found a mixing of these doubletsur assignment differs completely from that proposed by
in X(0,0,0) when doing other OODR measurements inDugourdet al. [17] and removes the inconsistent identifi-
which the pump was placed in axcited(and thus pseu- cation of the first excited band, which shows appreciable
dorotationally well-separated) band. In the present casetrength, with the transitioA(0, 0, 1) — X(0,0,0), which
we chose a pump line at 14895.45 ctin(see the inset has very small theoretical intensity. A more detailed ac-
of Fig. 2), which from OODR inA(0,0,0) — X(0,0,0)  count of the vibrational states will be published elsewhere.
is known to contain little intensity from asymmetric rotor The calculated rotational/pseudorotational /IPRR)
transitions other thamVk, x.) 32,1 < 21.1. levels of a vibrational band are very well reproduced by
Calculations—We have performedb initio multiref-  an effective Hamiltonian in theb coordinate which is
erence configuration interaction (MR-CI) calculations [13],readily derived from the full Hamiltonian in hyperspheri-
including an effective core polarization potential [14] andcal coordinates. In the case of relatively high barriers, it
using a large Gaussian-type orbital (GTO) basis set witimay be assumed that tle space pertinent to a particular
bond-center functions. The numerical potential energyibrational level can be spanned by three equivalent func-
surfaces have been cast in analytical form by expansiortgons rotated by27 /3. This Hamiltonian then amounts
in terms of Morse-transformed internuclear distances [15}o treating rotation and pseudorotation by a combination
with standard deviations 6£0.6 cm™~! for 109 calculated of three equivalent rotors with an angle b# /3 between
points. Table | collects some properties of the two PESheir in-plane principal axes of inertia. A least-squares
relevant here, and Fig. 1 depicts a 2D cut throughAhe fit furnishes five parameters, i.e., the three rotational
state surface. Further details will be given elsewhere. constants, the potential coupling(1/3 of the tunneling
Rovibrational energy levels faN = 4 have been de- splitting), and the Coriolis coupling between rotation and
termined by variational calculations, using hypersphericapseudorotation. Since the inertial defects turn out to be
coordinates for the exact vibration-rotation Hamiltonian assmall, the rotational constants establish an effectivg
well as for contracted analytical basis functions [16]. Instructure for each vibrational level. Table Il presents
hyperspherical coordinates, it is rather trivial to impose thehe parameters of this effective Hamiltonian for three
geometric phase as a boundary conditionfoim a single-  vibrational states. Note that a positive signlofreflects
surface adiabatic treatment [16]. The results #or= 0  the energetic ordef belowA.
are included in Fig. 2 as bars, slightly shifted to match The R/PsR levels of both vibrational ground states show
theA «— X transition origin. As expected, the pseudorota-a single asymmetric rotor pattern, with only very small
tional components of andA vibronic symmetry reverse splittings into PsR doublets @ /A rovibronic symmetry.
order upon changing the boundary condition. Compari-These doublets are, however, obscured by the hyperfine
son with experiment does give a clear preference for theubstructure. For thei(1,0,0) state, by contrast, the
correct phaser, but a definitive conclusion requires an vibronic E/A splitting is large enough to result in two
analysis of the underlying rotational structure. Since théoranches of rotational levels which are well separated
bars in Fig. 2 represent absolute values of the calculategt N = 0 and begin interleaving only av = 4; for
transition momentsthe experimental intensities are obvi- even highewv, rather irregular level patterns result which
ously reproduced only qualitatively. However, the calcu-depend sensitively on the Berry phase. This interplay
of rotation and pseudorotation illustrates why an earlier

TABLE I. Properties of the Napotential surfaces. attempt to analyze tha(1,0,0) — X(0,0,0) band in the

X(1E") A(E")
12 a E 12 a E TABLE Il. Parameters of the effective/RsR Hamiltoniar?.
Cy, (min) 6.137 79.8 -785.11 6.255 78.4 —623.36 b
C», saddle 6.951 50.0-579.35 7.037 50.4 —471.70 vov 3V A B ¢ ¢ i
D5, (min) 6.433 60.0 0.00 6.535 60.0 0.00 X 000 0.0025 0.17709 0.08422 0.05680 0.00006 0.00008

A 000 0.0167 0.16690 0.08360 0.05541 0.00026 0.00006
A 100 15725 0.15514 0.09557 0.05528 0.02046 0.00648

#Potential couplingV; rotational constantd, B, C; Coriolis cou-
pling ¢ (in cm™).
aDistances i, angles in degrees, energies indm bStandard deviation for a fit of 50V =< 4) ab initio levels.

Vs, Vs Vg 136.0 49.6 88.5 128.0 46.5 77.3

excit. energy T, = 14937, Ty, = 14927 [14895.769(4) [12]]
ioniz. energy I, = 31225,1y = 31252 [31363(5) [19]]
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[ abinitio, g [ fovbroni weaker than those of origin. This may possibly be due

= J - ' ! symmetries: . . . . A .

- Berry's phase =0 i e A to a distribution of their intensity over more substructure
L ibroni ‘ ‘ \

3 ey E . E: — components, most of which may be too small to clearly

|§ surpass the noise level.
‘ Apart from the hyperfine substructure of the transitions
observed, which still awaits detailed understanding, the ex-
S S L S S L B, perimental results are well reproduced dy initio calcu-
15020 15021 15022 15023 15024 15025 15026 lations for a geometric phase af, while the prediction
for the case without a geometric phase is clearly rejected.
We stress that this conclusion is not based on a gradual
deterioration of agreement but is drawn from the readily
identifiable ordering of the line patterns which originate
from the E and A vibronic components, respectively. A
series of OODR spectra meanwhile obtained by us with
other pump lines and in different excited vibrational bands
o corroborate these findings. Thus, using the example of the
Nas A — X system, painstakingly optimized OODR ex-
periments together with calculations of unprecedented ac-
—— curacy have provided the first verification of Berry's phase
15020 15021 15022 15023 15024 15025 15026 in the alkali trimers.
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